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Large-Eddy Simulations (LES) and experiments were employed to study the influence
of water depth on the hydrodynamics in the wake of a conical island for emergent,
shallow and deeply submerged conditions. The Reynolds numbers based on the
island’s base diameter for these conditions range from 6,500 to 8,125. LES results
from the two shallower conditions were validated against experimental measurements
from an open channel flume, and captured the characteristic flow structures around
the cone, including the attached recirculation region, vortex shedding and separated
shear layers. The wake was impacted by the transition from emergent to shallow
submerged flow conditions with more subtle changes in time-averaged velocity and
instantaneous flow structures when the submergence increases further. Despite dif-
ferences in the breakdown of the separated shear layers, vortex shedding and the
upward flow region on the leeward face (once the cone’s apex is submerged) similar
flow structures to cylinder flow were observed. These include an arch vortex tilted in
the downstream direction or von-Karman vortices in the far-wake. Spectra of velocity
time series and drag coefficient indicated that the vortex shedding was constrained by
the overtopping flow layer and thus the shedding frequency decreased as the cone’s
apex became submerged. Finally, the generalised flow structures in the wake of a
submerged conical body are outlined.
a)ourobarbap@cardiff.ac.uk
b)wilsonca@cardiff.ac.uk
c)paul.evans@intertek.com
d)a.angeloudis06@imperial.ac.uk
1
I. INTRODUCTION
In open channel flow, most turbulent shallow wakes are generated by three-dimensional
(3D) obstacles, such as boulders, bridge piers, islands, screens, and plants. However, two-
dimensional (2D) bodies such as plates, cylinders, and cuboids have been studied to a
greater extent, presumably due to their simplicity and industrial relevance1. Therefore,
understanding the flow features and wake structures behind these 3D obstructions enables
a better understanding of fish and benthic habitats, as well as the transport of sediments,
nutrients and pollutants in rivers, estuaries, and coastal waters.
Shallow flow around emergent (projecting through the water surface) 2D obstacles of
varying aspect ratio (h/D ratio, where h the height and D is the width) and stages of wake
development has received much attention (e.g. Chen and Jirka2; Zdravkovich3; Singha et
al.4). However, fewer studies have examined the impact of the flow structure in the near-
wake region when the obstruction is completely submerged with the flow overtopping the
tip of the obstruction (Kawamura et al.5; Fro¨hlich and Rodi1; Palau-Salvador et al.6); a
condition relevant to river engineering, coastal engineering, and wind engineering. For such
emergent flows, the wake characteristics and flow patterns are dependent on the aspect
ratio and Reynolds number. For the case of circular cylinders under high Reynolds number
(ReD > 10
4) flow conditions, these have been classified into three types: (i) a von-Karman
vortex street shedding mechanism with unsteady separation at the cylinder; (ii) an unsteady
wake bubble with a recirculating bubble attached to the cylinder that becomes unstable and
oscillates further downstream; and (iii) a steady bubble without instabilities or oscillation
(Chen and Jirka2). These classifications are specific to shallow wakes where the transverse
object dimension is greater than the flow depth, and the developed large-scale structures
are predominantly 2D. The location and strength of turbulent structures are dependent
on Reynolds number, e.g. the horseshoe vortex formed at the upstream cylinder base/bed
junction increases in strength, shifts in position and reduces in area with increasing Reynolds
number (Ozturk et al.7).
In submerged conditions, the presence of the free-end and the overtopping surface flow
layer introduces three-dimensionality to the flow field due to its interaction with the object’s
sides. Streamwise tip vortices formed off the free-end of the obstacle have been observed
for a variety of object shapes and profiles (Kawamura et al.5; Sumner et al.8; Pattenden et
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al.9; Kiani and Javadi10; Palau-Salvador et al.11). These vortices shift downwards with the
downwash flow (Kawamura et al.5) and for the case of cylinders with smaller aspect ratios,
they occupy a greater proportion of the water column and therefore dominate the turbulence
structures, which prevents the development of von-Karman vortex shedding (Fro¨hlich and
Rodi1). Hence, in the case of flow around cylinders, vortex shedding appears to be a function
of the object’s aspect ratio (Kawamura et al.5; Sumner et al.8).
The critical aspect ratio at which vortex shedding is suppressed for a cylinder is around
three (Sumner et al.8; Benitz et al.12). The drag coefficient and Strouhal number are signif-
icantly reduced at an aspect ratio of around two or three, due to free end effects (Benitz et
al.12). With increasing aspect ratios, the Strouhal number has been observed to remain con-
stant (Benitz et al.12). For larger ratios (h/D ≤ 9), periodic shedding and vortex sheets have
been observed in the wake over the majority of the cylinder height, with the vertical axis of
the vortex sheet no longer parallel to the cylinder axis (Benitz et al12). This is thought to be
due to the interaction of the tip vortices with the vortex shedding at the cylinder mid-height
(Wang and Zhou13; Sattari et al.14; Benitz et al.12). The vortex sheet axis becomes less
inclined further away from the cylinder’s free end (Benitz et al.12). Cylinder aspect ratio
has also been observed to govern the occurrence of symmetrical vortex shedding (h/D > 2)
rather than the alternate shedding of a vortex from each cylinder side (Kawamura et al.5)
when the height is significantly greater than the diameter (h >> D).
For a submerged cuboid, the aspect ratio governs the degree of interaction between the
horseshoe vortex and the wake region. For smaller aspect ratio objects, such as a cube where
h/D < 6, the flow is dominated by the interaction of the horseshoe vortex, corner vortices
and the impinging shear layer in the wake. However, for larger aspect ratios (e.g. a rib),
the effect of the horseshoe vortex is only observed at the edges of the wake region and has a
minimal effect on the centre of the wake (Martinuzzi and Tropea15). The proportion of flow
overtopping and travelling around the object influences the length of the recirculation zone.
In the case of a rib, a greater volume of flow travels over the object than around it, and hence
the recirculation zone is lengthened when compared to a cube, which has a relatively greater
amount of flow deflected around its sides, shortening the recirculation zone (Martinuzzi and
Tropea15). This results in the free-shear layer reattaching at a quicker rate downstream. In
submerged cylinder flows, a series of arch vortices are formed immediately downstream of
the object within the recirculation region, bounded by the object sides, and the horseshoe
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vortex. Such arch vortices have been observed for a number of object geometries, including
cylinders, hemispheres, ellipsoids, and cubes (Martinuzzi and Tropea15; Shamloo et al.16;
Fro¨hlich and Rodi1; Hajimirzaie et al.17). For the case of circular cylinders, it has been
postulated that the arch vortex is the result of the two tip vortices combining with the
vortex sheets shedding from the sides of the obstacle (Sakemoto and Arie18; Wang and
Zhou,13, Krajnovic19). The arch vortex is formed independently of whether the vertical
vortices are shed simultaneously from each side of the cylinder or shed off each alternate
side as in von-Karman-type shedding (Wang and Zhou13).
A few studies have examined how subtle changes in the cross-sectional profile can affect
the wake structure. In deeply submerged flows, Large-Eddy Simulations (LES) demonstrated
that the tip vortices and recirculation bubble at a cylinder’s free-end are not significantly
affected by the presence of a vertical plate attached to the downstream side of the cylinder
and only the arch vortex and horseshoe vortex were affected (Kiani and Javadi10). For
a square cylinder whose upstream and leeward profiles were modified by adding a wedge
and elliptical profiles respectively, LES and experimental data has shown that the upstream
face significantly impacts the attachment of overlying flow over the free-end and the flow
structure of the magnitude of downwash flow (Uffinger et al.20). Furthermore, it was found
that the interaction between the tip and lateral vortices was the greatest for the square
cylinder without an upstream wedge profile or a leeside elliptical profile, resulting in a
strong detachment of flow over the top of the body. The presence of the elliptical afterbody
and the interaction between the tip vortices and side vortices weakened the downwash flow.
An ellipsoid with a longer length in the streamwise direction compared to the transverse
direction results in more dominant tip structures, while base structures were more dominant
in the transverse ellipsoid (Hajimirzaie et al.17).
Other studies have examined the ratio of flow depth (H) to object heightH/h (also termed
submergence or relative submergence) with the majority of research focusing on deeper flows
usually conducted in wind tunnels. For hemispherical and cylindrical objects, two distinct
wake types are observed, both dependent on submergence: a wake-bubble with downstream
vortex shedding for slightly submerged and emergent objects (Sadeque et al.21); and an
enclosed recirculation region with no shedding for moderate to deeply submerged objects
(Shamloo et al.16; Sadeque et al.21). Increasing submergence reduced the vertical extent of
the wake region for both conical and hemispherical objects (Lloyd and Stansby22; Shamloo
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et al.16). Furthermore, increasing submergence led to a shorter recirculation length due to
the stronger downwash flow re-attaching with the wake flow at a quicker rate (Shamloo et
al.16; Sadeque et al.21; Lacey and Rennie23). For a submerged ellipsoid, the strength of the
base vortices reduces with increasing submergence, while the strength of the tip vortices
are not affected by submergence (Hajimirzaie et al.17). However, the strength of the von-
Karman-type vortex shedding was highly influenced by the degree of submergence with a
wider wake region and stronger periodic shedding taking place for lower submergences (Lloyd
and Stansby24). In contrast, increasing submergence the region narrows with the eventual
termination of the shedding (Lloyd and Stansby24).
The flow around submerged bluff bodies is largely dominated by energetic flow structures
and significant flow separation which constitutes a challenge for numerical modelling. LES
has been widely used to study submerged cylinders (Fro¨hlich and Rodi1, Afgan et al.25)
due to its ability to resolve complex phenomena such as energetic large-scale structures,
flow separation at the top of the upstream face (Palau-Salvador et al.6, Krajnovic19), or tip
vortices (Kiani and Javadi10). With the exception of the aforementioned studies, there is a
scarcity of experimental and numerical studies examining the wakes of submerged obstacles
in shallow flows despite their importance in hydraulic and geophysical contexts (Stoesser
et al.26). Furthermore, the majority of studies have focused on cylinders, cubes or hemi-
spheres with few studies examining other cross-sectional shape geometries pertinent to river
or oceanic flows.
In this study, the near-wake structure in the lee of a conical island is investigated using
LES and open channel flume experiments. An LES approach is employed to investigate
the time-averaged velocity field and instantaneous turbulent structures for three levels of
submergence: i) emergent (surface-piercing), ii) shallow submergence, and iii) deep submer-
gence. The model is first validated against experimental data for both emergent and shallow
submerged conditions and then applied to a deeper submergence case to better understand
how conical island submergence impacts time-averaged flow properties and instantaneous
flow structures in its wake.
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II. EXPERIMENTAL SETUP
The experiments were conducted in a recirculating flume of rectangular cross-section with
glass sidewalls and bed in the hydraulics laboratory at Cardiff University. The flume was 10
m long, 1.2 m wide, and 0.3 m deep (see Fig. 1). The centre-point of the conical island’s base
was located 3.5 m downstream of the inlet along the centreline of the flume. The conical
island was scaled from a natural pinnacle known as Horse Rock, which is located within a
tidal strait between Ramsey Island and the mainland of Pembrokeshire in south-west Wales,
UK (see Evans et al.27 for more details). The island was constructed from stainless steel
with a base diameter (D) of 0.1625 m, a height (h) of 0.115 m and a side slope of 55 degrees
to the horizontal. The diameter at the cone’s mid-height (D0.5 = D/2) was 0.081 m. In the
experimental investigation, two submergence conditions were examined: H/h = 0.96 and
H/h = 1.24, where H denotes the water depth (see Table I). These conditions represent the
minimum and maximum relative submergence levels of Horse Rock during a typical spring
tide. The Reynolds numbers based on the cone’s diameter at mid-height (D0.5) were 6,500
and 8,125 for the submerged and surface-piercing conditions respectively. For cylinder wake
flow, this corresponds to the region where with increasing Reynolds number, the contribution
of the wake turbulence level to the total turbulence level decreases and thus the cylinder
drag decreases (Douglas et al.28).
FIG. 1: Schematic diagram of the flume set-up including coordinate system, where x is the
longitudinal direction, y is the lateral direction andz is the vertical direction.
Time series velocity measurements were collected using a profiling 10-MHz Vectrino II
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TABLE I: Flow characteristics of the analysed cases.
Case H (m) H/h Q (m3s−1) U0 (ms
−1) D/H ReD0.5 Fr
Surface-Piercing (SP) 0.110 0.96 0.0133 0.1000 0.68 8,125 0.0962
Slightly Submerged (SS) 0.142 1.24 0.0133 0.0800 0.88 6,500 0.0678
Deeply Submerged (DS) 0.220 1.92 0.0266 0.1007 1.35 8,206 0.0686
acoustic Doppler velocimeter (ADV) manufactured by Nortek, with a sampling rate of 100
Hz and sampling time of 150s. The Vectrino II was configured to sample over a 35 mm range
(40-75 mm) using a 1 mm cell size and a 6 mm diameter sampling volume. The signal-to-noise
ratio (SNR) and correlation (COR) values were set to the thresholds of > 20 dB and > 70%
respectively, which was achieved by seeding the water with 10 µm mean diameter silicate
powder (density of 1.1 Kgm−3). The Phase-Space Thresholding (PST) method of Goring
and Nikora29 was employed for despiking the velocity time-series. Furthermore, identification
of pulse-to-pulse interference (also known as weak spots), which is an issue related to the
spatial separation between the pulse pairs transmitted by the Vectrino profiler, was achieved
by examining the velocity variance. These data points were removed from the dataset. An
ADV measurement grid resolution of 25 mm was used in both the longitudinal (x) and
lateral (y) directions in the vicinity of the obstruction in order to capture the detailed wake
velocity structure. As the distance from the conical island increased in the downstream
direction, the spacing of the measurements, both longitudinally and laterally, increased to
a maximum spacing of 0.5 m (towards the end of the 10 m length flume).
III. COMPUTATIONAL METHOD AND SETUP
A. Numerical framework
The governing equations for unsteady, incompressible, viscous flows are the spatially
filtered Navier-Stokes equations, which are solved in a Eulerian coordinate system using the
in-house large-eddy simulation code Hydro3D (Bomminayuni and Stoesser30, Liu et al.31),
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and are as follows:
∂ui
∂xi
= 0 (1)
∂ui
∂t
+
∂uiuj
∂xj
= −
∂p
∂xi
+ ν
∂2ui
∂xixj
−
∂τij
∂xj
+ fi (2)
Here, ui and xi (i or j = 1, 2, 3) are the filtered fluid velocity and position in the three
coordinates of space, p denotes filtered pressure, and ν is the fluid kinematic viscosity. The
sub-grid scale stress tensor, τij, is approximated using the Smagorinsky subgrid scale model
(Smagorinsky32) considering a filter size equal to the grid size, i.e. ∆ = (∆x ·∆y ·∆z)1/3,
which was successfully applied for surface-mounted cylinder flows, e.g. Krajnovic19. The
source term fi takes into account the external forces derived from the direct forcing Immersed
Boundary (IB) method (Uhlmann33) used to represent the obstacle geometry.
The governing equations are discretised using a fourth-order central differencing scheme
with staggered storage of the velocity components on a rectangular Cartesian grid. The
fractional-step method is used with a three-step Runge-Kutta predictor to approximate
convective and diffusive terms (Cristallo and Verzicco34). The solution of a Poisson pressure-
correction equation using a multi-grid method is adopted as a corrector at the final step.
Hydro3D has been validated in a series of hydro-environmental engineering related problems,
such as the flow in compound channels (Kara et al.35) and tidal steam turbines (Ouro et
al.36). Recent implementations include an immersed boundary method (Ouro and Stoesser37)
and a Lagrangian particle tracking algorithm for multi-phase flow simulations (Fraga et
al.38,39). Hydro3D is parallelised with Message Passing Interface (MPI) and uses a domain
decomposition technique to divide the computational domain into rectangular blocks (see
Fig. 2(b)), which runs on multiple processors. Additionally, it also features a local mesh
refinement method40 that permits to use fine mesh resolution in areas of interest within
the computational domain, e.g. embedding an internal boundary, while using a coarser
resolution away from these areas.
The hydrodynamic lift and drag coefficients of the analysed conical structure are deter-
mined from the immersed boundary method forces (Ouro et al.36) as:
CD =
Fx
1/2ρAU20
(3)
CL =
Fy
1/2ρAU20
(4)
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where A is the cone’s projected area (= 1/2HD, where H is the cone’s height and D is the
cone’s base diameter), ρ is the fluid density, and Fx and Fy are the hydrodynamic forces on
the cone in x- and y-directions respectively.
B. Computational setup
The computational domain is presented in Fig. 2(a) featuring 60D0.5 and 14D0.5 in x- and
y-directions respectively replicating the dimensions of the flume. The grid in the vertical
direction was set according to the corresponding water depth (H) for each case. The cone
was placed at 20D0.5 from the inlet. Three flow depths were considered to replicate the two
submergences: Surface-Piercing (SP) and Shallow-Submergence (SS) from the experimental
investigation, and a new submergence condition referred to hereafter as Deep Submergence
(DS). For the latter case, the flow rate was increased to reproduce a similar mean area
velocity as in the other two flow cases. Details of the flow characteristics for these cases are
presented in Table I.
A Dirichlet condition was used for the upstream inlet and set to the bulk velocity U0
used in the experiments (see Table I). A convective condition was employed at the outlet
and no-slip conditions were imposed on the bottom and side walls. The cone boundary was
represented using the immersed boundary method that enforces the no-slip condition along
the cone’s geometry33. A frictionless rigid lid condition was employed for the water surface
since the Froude number (Fr = U0(gH)
−0.5, where g indicates gravity acceleration) for the
cases examined were less than 0.1, indicating that the influence of free-surface effects can be
deemed small (Bomminayuni and Stoesser30).
Simulations ran for a total of 250s (about 7.5 flow-through times) and flow statistics
were collected over the last 180s, similar to the experimental sampling time. Considering
the eddy turn-over time (te = H/U0) is approx. 1s, this timeframe is sufficient to obtain
reasonably accurate time-averaged values. A Courant-Friedrichs-Lewy (CFL) condition of
0.8 was adopted to ensure numerical stability, which yielded into an averaged time step of dt∗
= dt·U0/D0.5 = 5.7·10
−3, 4.1·10−3, 2.5·10−3 for the coarse, medium and fine mesh resolutions
adopted in the spatial sensitivity study, respectively. Details of the computational meshes
are summarised in Table II.
The computational mesh was refined using three levels of local mesh refinement, as shown
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FIG. 2: (a) Sketch of the computational domain where solid lines represent the pattern
used for the domain decomposition, and (b) shows a zoom-in of the locally refined mesh
close to the cone.
TABLE II: Grid resolutions used for the mesh convergence.
Mesh Resolution ∆x = ∆y(m) ∆z(m)
1 Coarse 0.002025 0.00125
2 Medium 0.001016 0.00125
3 Fine 0.001016 0.00075
in Fig. 2(b), with the finest grid resolution distributed around the location of the cone
(−4 < x/D0.5 < 10,−3 < y/D0.5 < 3, 0 < z/D0.5 < H). Sensitivity to mesh resolution was
studied for the SP and SS cases using three different grid resolutions (see Table II). The
computational domain was split into 462, 693 and 924 sub-domains for the SP, SS and DS
cases respectively, which were run using the following number of processors: 76, 114 and
152, respectively, using Supercomputing Wales facilities. The finest grid resolution (Mesh 3)
comprised 16, 21 and 32 million grid points for the SP, SS and DS cases, respectively. The
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values of the mesh resolution in wall-units were calculated in segments along the adjacent
upstream and downstream segments of the cone at y/D0.5 = 0, as depicted in Fig. 3(b).
Wall-adjacent cell values are given by:
∆η+ = ∆η · u∗/ν (5)
where the friction velocity, u∗, is given by:
u∗ = (ν · uη/∆η)
0.5 (6)
Here, uη is the tangential component of the velocity along the adjacent wall direction ob-
tained from projecting the time-averaged Cartesian velocities on the cone segment, which
has a slope angle of 55 degrees. Fig. 3(a) shows that along the upstream side the maximum
value of ∆η+ is approximately 10.5 for Mesh 1, while the maximum value grid resolution in
wall units is 6 for Mesh 3. The upstream side of the cone faces the incident flow, whereas the
downstream side is influenced by the low-velocity recirculation region, along which a maxi-
mum value of ∆η+ was lower than 2 for all meshes. These values are lower than 11 (Fro¨hlich
et al.41) confirming that no-slip condition along the cone’s wall is well accomplished using
the immersed boundary method.
FIG. 3: Values of cell size in wall-units along adjacent segments in the (a) stoss and (c) lee
sides of the cone represented with dashed lines in (b) for the SP case.
IV. RESULTS AND DISCUSSION
The LES results for the surface piercing (SP) and shallow submergence (SS) cases are
initially compared and validated against the experimental data for the time-averaged flow
properties. The fundamental differences of the enclosed near-wake and the transition to
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the far-wake are outlined for each case. The computed instantaneous flow field for each
case is subsequently used to identify the dominating turbulent flow structures around the
cone and in the downstream wake. To examine the effect of a deeper submergence on
wake development, flow pattern and turbulent structures, LES results are then presented
for the deeper submergence (DS). Strouhal and hydrodynamic coefficients are presented to
allow key differences in the von-Karman shedding pattern to be characterised. Finally a
summary of the pertinent flow structures developed under a fully submerged condition is
presented. Quantities throughout are normalised using the mean area velocity (U0) and
the conical island’s diameter at mid-height (D0.5), and the square brackets < · > indicate
time-averaging.
A. Mesh sensitivity
Three grid resolutions were tested for the SP case to examine grid resolution convergence
and details are presented in Table II. Fig. 4 shows vertical profiles of normalised time-
averaged streamwise (< u > /U0) and vertical (< w > /U0) velocities along the plane
of symmetry (POS), i.e. at y/D0.5 = 0.0, at different longitudinal distances downstream
from the cone’s centre. The accuracy of the LES results improves with increasing grid
refinement with the finest mesh resolution (Mesh 3) providing a better agreement with the
experimental profiles at x/D0.5 = 1.2 and 2.5 in terms of time-averaged velocity distribution
and magnitudes compared to the coarser meshes. The vertical profile at x/D0.5 = 2.5
coincides with the transition from the recirculating cell to the far-wake (explained later in
Section IVB), which poses great complexity that challenges the computational approach
and thus corresponds to the larger differences between experimental and numerical results.
Further downstream, LES improves the prediction of the streamwise velocities with in-
creasing distance from the cone at x/D0.5 = 4.3 and 7.4. A very good agreement with the
vertical velocity magnitudes is also achieved at these verticals indicating that wake recovery
is well predicted. Mesh sensitivity testing was also carried out for the SS case, however, the
results for the SP case are shown here for brevity. For the SS case, the finest mesh also pro-
vided good agreement with the experimental data and this further corroborates that Mesh
3 is sufficiently fine to provide an accurate representation of the flow field for the simulated
cases.
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FIG. 4: Profiles of time-averaged streamwise, < u > /U0, and vertical, < w > /U0,
velocities for the SP case using three mesh resolutions.
B. Time-averaged velocity field
The mean velocity field resulting from the flow around the cone is presented in Fig. 5,
which presents the experimental (top) and LES (bottom) streamwise velocity contours and
flow streamlines for the surface-piercing (SP) and shallow submergence (SS) cases. For both
cases, the approaching flow is deflected shortly before the cone. Above a height of z/D0.5
= 0.3, the flow moves upwards along the inclined face of the cone while below this height
there is a downward flow deflection that is responsible for generating the horseshoe vortex
which is described in more detail later.
The flow field development behind the cone is dependent on the submergence level. For
the emergent (SP) case, the longitudinal extent of the longitudinal recirculation region is
greatest at the cone’s tip (almost until x/D0.5 = 3.0) and steadily decreases towards its base.
This is in contrast to the shallow submergence (SS) case where the longitudinal extent of
the recirculation region is shortest at the cone’s tip, with the extent progressively increasing
deeper into the water column until a downstream distance of x/D0.5 = 2.8 at a height of
z/D0.5 = 1.0.
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FIG. 5: Transversal planes at y/D0.5 = 0 with contours of normalised streamwise velocities
for the SP (a) and b)) and SS (c) and d)) cases. Comparison between experimental and
LES results.
With the cone piercing the water surface (SP case), the recirculation pattern exhibits
two recirculation cores, both attached to the cone’s leeward face, with one counter-clockwise
core located at z/D0.5 = 0.4 and another immediately downstream of the cone’s tip with
a clockwise rotation closer to the water surface (see Fig. 5(b)). These features are well
distinguished from the LES results, however, they are not evident in the experimental data.
This is not surprising as the ADV is unable to measure the flow field within 10 mm of solid
boundaries.
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In the SS case, the distribution of the low-velocity region, indicative of the recirculation
region immediately behind the cone (shown in blue), is impacted by the presence of the
flow moving between the free-surface layer and over the cone’s tip. Such overtopping flow
changes the recirculation region pattern when compared to the SP case, which results in a
strong upward motion (immediately behind the island) accompanied by a downwash flow
downstream from the lee side of the cone. This flow motion induces the enclosed wake
to feature a clockwise rotation that is well indicated by the streamlines in Fig. 5(c) and
(d). LES predicts the presence of the core of the horizontal recirculation at approximately
z/D0.5 = 1.2, this is further downstream than the recirculation core observed in the SP
case that was near the cone’s surface. The horizontal roller is located slightly below the
level of the cone’s tip, which is in line with the experimental results (see Fig. 5(c) and
(d)). The presence of a horizontal roller for the submerged cone has also been observed for
submerged cylinder, cuboid and ellipsoid flow (Hunt et al.42; Fro¨hlich and Rodi1; Sadeque et
al.21; Palau-Salvador et al.11; Hajimirzaie et al.17). This upward flow region is significantly
greater compared to that observed in cylinder flow (Fro¨hlich and Rodi1; Sadeque et al.21)
due to cone’s geometry and inclined leeward face.
For both SP and SS cases, the downstream distance at which the recirculation region is
contained and the flow re-attaches to the overlying current is slightly longer for the LES
compared to the experimental measurements. At the bed, the reattachment length predicted
by LES is located at x/D0.5 = 2.2 and 2.5 for the SP and SS cases respectively, while it is
located at x/D0.5 = 1.8 and 1.9 respectively for the experimental data. Note the similar
pattern of the recirculation area and slight overestimation of the enclosed wake length of LES
compared to experiments was obtained by Palau-Salvador et al.11 and Afgan et al.25 in the
LES of the flow around submerged cylinders. Immediately downstream of the recirculation
region, i.e. far-wake region, the flow distribution predicted by LES reproduces well the
experimental results as confirmed from the vertical profiles of velocities shown in Fig. 4.
Differences between the SP and SS cases are also indicated in the magnitude of the velocity
reversal along the channel bottom between the cone’s base (x/D0.5 = 1.0) and the closure
of the separation region (x/D0.5 = 2.2-2.5) with the minimum time-averaged streamwise
velocity of −0.35U0 and −0.15U0 for the SS and SP cases respectively. Such differences
indicate that the flow reversal is stronger in the SS case.
The development of the enclosed wake over the water column is observed by comparing
15
the contours of streamwise velocities at different elevations, i.e. z/D0.5 = 0.37, 1.0, 1.2, as
shown in Fig. 6. For the SS case, the transverse extent of the recirculation region decreases
with elevation which is as wide as the cone base at z/D0.5 = 0.37 (see Figs. 6(b)). At an
elevation of z/D0.5 = 1.0, the transverse extent of the wake is at its maximum and with
increasing elevation, it decreases in size and strength (see Fig. 5 and 6). The overlying flow
in the shallow submergence case reduces the vertical extension of the recirculation region
and dampens the strength of the reverse flow at the cone’s tip (see Fig. 6(f)), and hence
the recirculation cell is no longer present at the highest elevation (z/D0.5 = 1.2). While
for the SP case, the low-momentum region continuously grows in longitudinal extent with
increasing elevation as the loci of the recirculation cores move further downstream. This is
also observed close to the cone’s tip, where the diameter and thus blockage ratio is smaller.
Afgan et al.25 presented a similar wake pattern in the flow around a submerged cylinder.
The largest differences between SP and SS case is found at z/D0.5 = 1.2, as in the former
case the flow is notably deflected and recirculates downstream, while in the SS case there is
almost no recirculation due to the dampening and downwash of the overlying flow. At the
plane closest to the channel bed, the length of the recirculation zone is slightly longer for
the shallow submergence (SS) case compared to the emergent (SP) case, as observed from
both the experiments and the LES. In both cases, in terms of the strength of the velocity
reversal and width of the wake, there is a satisfactory good agreement between the LES and
experimental results. Furthermore, the velocity recovery occurs at a similar downstream
distance (x/D0.5 > 3).
The distribution of vertical velocities at the same z-planes is presented in Fig. 7. For
the two submergence cases, at z/D0.5 = 0.37, the areas of low streamwise velocity, indicated
by the blue regions in Fig. 6(a) and (b), coincide with the areas of the highest upward
velocities, as indicated by the red regions in Fig. 7(a) and (b). At z/D0.5 = 1.0, the
presence of the overtopping flow layer in the SS case generates the downward movement of
flow immediately downstream of the horizontal recirculation cells, which is accompanied by
an upward movement of flow immediately on the lee side of the cone’s face (Fig. 7(d)). This
velocity pattern coincides with the clockwise recirculation of the near-wake observed in Fig.
5. On the contrary, Fig. 7(c) shows that in the SP case there is a downwash flow along
the borders of the recirculation area with a small upward vertical velocity shortly after the
recirculating cells. Closer to the water surface, at z/D0.5 = 1.2, a small upward movement
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FIG. 6: Normalised streamwise velocities for the SP (left) and SS (right) cases at z/D0.5 =
0.37 (top), 1.0 (middle) and 1.2 (bottom). In the top plots the upper half is for the
experimental data and the lower half is for the LES results.
of flow is observed for the SP case on the lee side on the cone, whereas a much larger upward
flow region persists throughout the water column for the SS case (Fig. 7(e) and (f)).
The varying diameter of the cone over its height induces the downstream wake to feature
a recirculation cell as shown in Fig. 5, which is more three-dimensional in nature than
that generated in the flow around cylinders (Fro¨hlich and Rodi1; Palau-Salvador et al.11).
Fig. 8 presents time-averaged streamwise velocity contours and flow streamlines at different
cross-sections in the downstream direction (x/D0.5 = 1.2, 2.5 and 4.3). According to Fig.
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FIG. 7: Normalised vertical velocities for the SP (left) and SS (right) cases at z/D0.5 =
0.37 (top), 1.0 (middle) and 1.2 (bottom). In the top plots the upper half is for the
experimental data and the lower half is for the LES results.
5, the cross-section at x/D0.5 = 1.2 slices through the recirculation area, while x/D0.5 =
2.5 is located in the recirculation region close to its downstream extent very close to the
reattachment point, and x/D0.5 = 4.3 is downstream of the recirculation region. At x/D0.5
= 1.2, two counter-rotating vortices are generated behind the cone as the free-stream side
flow is entrained into the low-momentum wake, and this is present for both SP and SS cases
(Fro¨hlich and Rodi1). Streamlines indicate that at the centre of the flume (y/D0.5 = 0), the
flow travels upwards for both submergence levels as previously indicated from the vertical
18
velocities in Fig. 7.
FIG. 8: Contours of normalised mean streamwise velocity in planes normal to the x-axis
behind the cone at x/D0.5 = 1.2 (top), 2.5 (middle) and 4.3 (bottom). The figures in the
left hand side column are for the SP case and in the right hand column are for the SS case.
In each individual figure the left hand side is the experimental data and the right hand
side is for the LES results.
Figures 8(a) and (b) show that regardless of whether the cone is emergent (pierces through
the water surface) or submerged (the cone’s apex is below the water surface) LES predicts
two cells in the laterals of the cone near the channel bed between y/D0.5 = 1.5 and y/D0.5
= 2.5. These correspond to the horseshoe vortex legs and feature a distinct helical motion.
The development of such a double-core horseshoe vortex structure was also appreciated in
the transversal planes in Fig. 5(b) and (d) with the horseshoe cores situated at x/D0.5 =
-1.25 and x/D0.5 = -1.6 upstream of the cone. The complexity of the horseshoe vortex has
been identified in other studies (Pattenden et al.9; Krajnovic19) with the existence of both
primary and secondary horseshoe vortices as well as a tertiary one attached to the upstream
side of the body, and which is not observed in the present study.
At a longitudinal distance x/D0.5 = 2.5, the velocity reversal in the wake weakens for
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both cases although the low-momentum region is distributed over the upper half of the water
column for the SP case whilst over the lower half for the SS case. It is worth noting that for
the submerged case (SS) the streamlines indicate that the flow above an elevation of z/D0.5
= 0.9 is directed towards the channel bed, while below this elevation the flow moves upwards.
This feature in the SS case indicates that its wake is more three-dimensional than in the
SP case in which at x/D0.5 = 2.5 the flow reversal is only directed towards the free-surface.
The experimental results suggest a higher wake recovery rate than LES predictions as the
streamwise velocity contours at a longitudinal distance of x/D0.5 = 2.5 present only positive
values. Such differences with the LES predictions agree with the experimental results (see
Fig. 4).
Further downstream, at x/D0.5 = 4.3 (outside the recirculation region), there is a better
agreement in the wake signature between the experiments and LES, and the absence of flow
reversal for both cases is consistent with Fig. 5. For the SP case, a secondary current is
induced from the blockage generated by the cone depicted from the recirculating cell located
at a similar elevation to the cone’s tip but displaced as a consequence of the flow deflection
due to the cone obstruction (Fig. 8(e)). The flow overtopping present in the SS case neglects
the generation of such secondary features in the wake. Recirculating cells near the channel
bottom evidence the horseshoe vortices bounding the wake even further downstream of the
cone and into the near-wake, this will be detailed in the next Section IVC.
C. Instantaneous flow structures
The flow around the cone is highly three-dimensional and is dominated by the presence
of both large-scale and small-scale structures whose pattern changes depending on the level
of submergence. The main features present in the wake of the SP and SS cases are identified
in Fig. 9, which presents a plan-view of the instantaneous flow structures represented with
iso-surfaces of z-vorticity (ωz ± 8), coloured with water column elevation. For the SP case,
there is blockage throughout the water column and no flow overtopping, and thus the flow
is strongly deflected around the cone’s sides near its apex as shown in Fig. 9(a). The
enclosed wake extends for about two base diameters downstream before large-scale von-
Karman vortices (KV) start to shed and be transported by the mean flow in the streamwise
direction but also laterally (Palau-Salvador et al.11). This agrees well with the transition
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from near- to far-wake observed in the time-averaged velocity distribution in Fig. 5. In the
SS case, despite the cone’s apex being submerged below the water surface, the KV reach the
water surface further downstream indicating that the overtopping flow layer constrains the
vertical expansion of these energetic flow structures. For the horizontal extension presented
in Fig. 9, the SP case exhibits three KV while only two are observed in the SS case indicating
a higher shedding frequency for the former case, as it is discussed later in Section IVF.
FIG. 9: Top view of the turbulent structures generated in the (a) SP and (b) SS cases
represented with vertical vorticity iso-surfaces coloured with values of relative water depth
normalised with the cone’s height.
A Kelvin-Helmholtz instability occurs as the cone’s surface shear layers break down de-
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veloping the large-scale shear-layer vortices (SLV), which are eventually decomposed into
smaller scale structures and are analogous to cylinder flow (Sumner43). The generation and
shedding of these structures from the inclined sides of the cone appear to be consistent with
both surface-piercing and shallow submergence cases. A Horseshoe (HS) vortex is generated
near the bed for both cases enclosing the upstream base of the cone and the recirculation
region as previously indicated in Fig. 8. The HS in the SP case features a laminar region
in contrast to the SS case in which the HS has a turbulent nature in all its extend. In the
surface-piercing case, the legs of the horseshoe vortex closely bound the recirculation region
while for the SS case the legs are splayed outwards. This turbulent structure features a
helical motion and wraps around the downstream wake as depicted in Fig. 8(a) and (b) but
with negligible interaction with the KV, similar to the horseshoe vortex structure developed
in cylinder flows, Sumner43.
Figure 10(a) shows the side view of the instantaneous flow structures for the SS case with
the analogous z-vorticity iso-surfaces of Fig. 9 coloured with streamwise velocity values, and
Fig. 10(b) shows the flow field for the right hand side of the channel, i.e. y/D0.5 > 0. The
laminar shear layer formed along the sides of the cone is again depicted and it stays fairly
straight in the z-direction until the roll-up SLV structures are observed at a downstream
distance which coincides with the cone’s base. Fig. 10(b) depicts the laminar-to-turbulent
transition of the shear layer which is achieved further longitudinal distance from the cone’s
apex but closer to its base, which suggests that the flow development near the cone varies
over its height. The tip vortices (TV) are clearly depicted by the iso-surfaces in Fig. 10
and combine with the SLV once the shear layer becomes unstable, and they form a unique
structure: an arch vortex. The top of the arch is elongated upwards towards the free-surface
and tilted in the downstream direction due to the top of the arch being convected at a
quicker rate than its vertical sides due to the presence of the higher streamwise velocities
located in the surface flow layer as shown in Fig. 5(d). This effect is enhanced by the
recirculating motion of the flow in the low-velocity area enclosed behind the cone (Fig.
10(b)) that enlarges the shear in the border of this recirculation region along which the arch
vortices are transported. This is in agreement with studies on flow around ellipsoidal bodies,
particularly the downstream tilting of arch vortices observed for an ellipsoid when its longer
axis is aligned in the spanwise direction (Hajimirzaie et al.17). Fig. 10(a) shows that the
coherence of the arch vortex is lost before the onset of the von-Karman vortex shedding,
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and that the horizontal extension of the KV structures is proportional to the diameter of
the cone at its basement whilst they are vertically distributed over the whole water depth.
Thus, despite the cone’s height being lower than the water surface elevation for the SS case,
the von-Karman vortices expand over the whole water depth constrained by the presence of
the free-surface layer.
FIG. 10: Side views of the turbulent structures generated in the SS case represented with
z-vorticity iso-surfaces coloured with instantaneous streamwise velocity values. (b) Shows
the side view of iso-surfaces for y/D0.5 > 0.
D. Second-order statistics
Figure 11 presents the distribution of the streamwise velocity fluctuation, < u′ > /U0,
transverse velocity fluctuation, < v′ > /U0, vertical velocity fluctuation, < w
′ > /U0 and
normalised primary Reynolds shear stresses, -< u′w′ > /U20 , along the longitudinal POS
(y/D0.5 = 0.0) for the SS case. Note that mean velocity fluctuations < u
′
iu
′
i >
0.5 are denoted
as < u′i > for the sake of simplicity. The largest values of normal Reynolds stresses are found
along the transition from the recirculating region to the far-wake as this coincides with the
area where shear-layer vortices lose coherence due to their interaction with the free-stream
flow and recirculating region, and where the large-scale von-Karman vortices are generated
and shed, as depicted in Fig. 9(b). Downstream of the island’s tip at an elevation of z/D0.5
= 1.5, peak values of velocity fluctuations are also triggered due to the interaction of the tip
and shear layer vortices with the overtopping flow (see Fig. 10), and this is more noticeable
for the turbulent intensities in the streamwise and vertical directions.
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FIG. 11: Transversal planes at y/D0.5 = 0 for the SS case with contours of normalised (a)
streamwise, (b) transversal and (c) vertical velocity fluctuations, and (d) primary Reynolds
shear stresses.
It is worth noting that the large values of transverse velocity fluctuations are distributed
in a greater area compared to those in the streamwise direction, i.e. mean flow direction,
which is indicative of the alternating and meandering nature of the shedding of the energetic
von-Karman vortices, as shown in Fig. 9. High values of horizontal and vertical velocity
fluctuations are present immediately upstream of the cone’s base where the horseshoe vortex
is developed. Their unstable nature triggers fluctuations especially in the streamwise and
vertical velocities due to its rotation nature as depicted in the streamlines of Fig. 5.
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Downstream of the cone a region of high primary Reynolds shear stress, − < u′w′ >, is
located in the upper half of the water column (z/D0.5 > 1.0), after the recirculation region
at x/D0.5 =1.6. Here, the incident flow overtops the cone, entrains and interacts with the
recirculation region increasing turbulence levels. Time-averaged metrics < u′ >, < w′ >
and − < u′w′ > decay after x/D0.5 = 4.3, whereas the transverse velocity fluctuations
< v′ > remain relatively large until a downstream distance of approximately x/D0.5 = 6
due to the von-Karman vortex shedding. This corresponds to the downstream distance at
which the von-Karman vortex loses coherence (see Fig. 9(b) and 10). The distribution of
primary Reynolds stresses for the SP case exhibits a different pattern (contours not shown
here) as their maximum values are mostly concentrated along the transition between the
recirculating bubble and the far-wake. For the SP case, the transverse velocity fluctuations
are again significant and similar in magnitude to the streamwise velocity fluctuations.
E. Deeper submergence case
The impact of a deeper submergence (DS case) on the wake was also examined using
LES. Flow depth was increased to H = 0.22m corresponding to a relative submergence of
H/h = 1.92, while the same mean area velocity as in the surface-piercing case was adopted
(see Table I for details). The main changes in the developed mean streamwise velocity field
are observed in the contours of mean streamwise velocities along the POS as shown in Fig.
12. The low-pressure area behind the structure is similar to that found for the SS case (see
Fig. 5(d)) with a similar location of the recirculating cell core (at x/D0.5 = 1.5, z/D0.5 =
1.2). The increase in flow depth allows a greater proportion of the water column to overtop
the cone, which reduces the blockage effect of the island with flow reattaching at a slightly
quicker rate downstream (at x/D0.5 = 2.5 near the channel bed) than for the SS case. Such
similar properties of the recirculation region when the cone is completely submerged can be
expected given their similar Froude number of Fr ≈ 0.068. A shortened recirculation length
with increasing submergence has also been observed for cylinder flow in an experimental
study (Sadeque et al.21).
A comparison of the instantaneous flow generated behind the cone for the three sub-
mergence cases is presented in Fig. 13, with a plan view contour plots of instantaneous
vertical vorticity (ωz ± 5) at three different elevations: z/D0.5 = 0.5, 1.0 and 1.3. For the
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FIG. 12: Flow streamlines and contours of mean streamwise velocity at the channel centre
plane y/D0.5 = 0 for the DS case.
three cases, the instantaneous wake development is different depending on the position in
the water column as the cone’s diameter and the local Reynolds number based on the cone’s
diameter decreases with increasing elevation, in accordance with studies conducted on flow
around circular cylinders at different Reynolds numbers (Chen and Jirka2; Ozturk et al.7).
In the plane at z/D0.5 = 0.5, there are small structures coming from the horseshoe vortex
which seems to interact with the large-scale von-Karman vortices in the three cases, similar
to the experimental visualisations in the flow around a circular cylinder from Palau-Salvador
et al.11. For the emergent case (SP), the onset of vortex shedding commences earlier than
for the submerged cases (SS and DS), i.e. the length of the enclosed wake is shorter, and
for all the cases this is followed by a well-defined von-Karman vortex street. The spanwise
vorticity contours also indicate that for the SP case the shedding frequency of these vortices
is higher than for the submerged cases due to the larger blockage effect of the cone.
Wakes developed behind the cone for the SS and DS cases exhibit a similar nature with
the largest differences observed for the plane closest to the cone’s tip at z/D0.5 = 1.3 (see Fig.
13(h) and (i)). In the SS case the enclosed wake is directly followed by the vortex shedding
whereas for the DS case these are somehow discontinuous at this elevation in the water
depth. It is worth noting that for the deeply submerged case, the larger flow overtopping
(Fig. 12) induces a lower constraint of the free-surface on the von-Karman vortices which
in turn allows them to be detached from the enclosed wake at z/D0.5 = 1.3.
A three-dimensional view of the flow structures developed in the DS case is presented
in Fig. 14 with iso-surfaces of z-vorticity in which the same flow features than for the SS
presented in Fig. 9(b) and 10 are observed. The tip vortices are again identified from Fig.
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FIG. 13: Contours of instantaneous vertical vorticity (ωz) for the SP (left), SS (centre) and
DS (right) cases at three z-planes at heights of z/D0.5 = 0.5 (top), 1.0 (middle) and 1.3
(bottom). Dashed line indicates cone’s basement perimeter.
14 and these combine with the shear layer breakdown vortices to generate the so-called
arch vortices. Similar to the SS case, for the DS case the arch vortices are tilted in the
downstream direction as they meet the high-velocity area over the cone which induces a
faster motion at the arch top than at the arch’s vertical legs. The higher submergence of
the cone in the DS case reduces the strong vertical shear in the border of the recirculating
region encountered in the SS case that induced the arch vortices being convected upwards
towards the water surface. The latter effect is not observed for the DS case although in this
flow conditions arch vortices are more tilted in the downstream direction than for the SS
case (see Figs. 14 and 10(a)). The ability of the arch vortices in the DS case to impinge
towards the recirculation area shortly downstream compared to their upwards motion in the
SS case can be observed in Fig. 13(h) and (i) with a discontinuity in the shed structures
downstream the cone’s apex for the deeper case. The energetic von-Karman vortices are
also present in the wake behind the cone for the DS case but they lost coherence at the
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captured instant in time and thus difficult to depict from Figs. 14 and 17.
FIG. 14: Turbulent structures generated in the flow around the cone for the DS case using
iso-surfaces of instantaneous vertical vorticity coloured with normalised instantaneous
streamwise velocity values.
In view of the present results, the key flow structures in the wake of a submerged conical
island are proposed in Fig. 15. These structures include: a) the formation of the horseshoe
vortex at the upstream junction between the cone’s base and channel bed, which bounds the
recirculation region, b) the breakdown of the large-scale shear layer vortices from the sides
of the cone into smaller scale structures, c) the formation of tip vortices from the apex of
the cone and, d) the presence of arch vortices before the onset of e) alternating shedding of
the energetic von-Karman vortices. The arch vortices are tilted in the downstream direction
a short distance downstream of the cone, and for the lower submergence case (SS) elongated
upwards towards the water surface due to the stronger vertical shear layer associated with
the shallower submergence.
F. Hydrodynamic forces and far-wake characterisation
The wake structure observed for all three cases in Fig. 13 consists of an enclosed recircu-
lation region followed by a von-Karman vortex street whose shedding frequency is dependent
on the cone’s submergence level. The frequency values are determined from the Power Spec-
tral Density (PSD) presented in Fig. 16 obtained from the streamwise (u) and transversal (v)
velocities time series at a point in the shedding path (x/D0.5 = 8.5, y/D0.5 = 0.75, z/D0.5 =
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FIG. 15: Proposed schematic of the flow structures generated in the flow around a
submerged conical island.
1.0). The energy peaks from the spectra indicate the low-frequency structures dominate
the flow and the frequency of the energy peaks, fp, identifies the shedding frequency of
such structures, and these are summarised in Table III together with the Strouhal num-
ber (St = fpD0.5/U0). The surface-piercing case features the highest Strouhal number
(St = 0.239) as a result of its shallower flow depth and greater blockage effect, and with a
value almost double from that obtained for the DS case (St = 0.128). The two submergence
cases have very similar Strouhal number values as would be expected given the common-
ality of their vortex shedding patterns (Fig. 13). Such an increase in the vortex shedding
frequency in the SP case compared to the other cases is expected given the differences in
the vortex shedding patterns (see Figs. 13 and 9(a)) and exemplifies the constraining effect
of the overtopping flow on the von-Karman shedding. Note that the values of St for the
submerged cases (SS and DS) are very similar to those determined for submerged cylinders
(Kawamura et al.5; Sumner et al.8).
The high energetic peaks found in the production range of the energy spectra confirm
the appropriateness of the computational setup to capture the dominant flow structures.
The energy cascade along the inertial subrange of the velocity spectra features the -5/3
Kolmogorov law, as observed for frequencies between 3 and 10. Since at this frequency
the dissipation rate increases due to the action of the SGS model (Stoesser44). Overall the
range of resolved frequency expands for more than two decades indicating the adopted grid
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FIG. 16: Power Spectral Density (PSD) of u− and v-velocities obtained from the time
series in a point located at x/D0.5 = 8.5, y/D0.5 = 0.75, z/D0.5 = 1.0 for the (a) SP, (b) SS
and (c) DS case.
TABLE III: Hydrodynamic characteristics of the forces in the conical island: SP surface
piercing; SS slightly submerged; and DS deeply submerged.
Case fb (s
−1) St mean CD rms CL
SP 0.295 0.239 1.108 0.0585
SS 0.142 0.146 0.882 0.0620
DS 0.158 0.128 0.826 0.0807
resolution is adequate (Palau-Salvador et al.11).
Table III presents details of the time-averaged drag coefficient (CD, Eq. 3) and root-
mean-square (rms) of lift coefficient (CL, Eq. 4) obtained from the hydrodynamic forces on
the cone. The drag coefficient is greatest for the emergent case with a value of 1.108 and a
minimum when the cone submergence is the greatest, i.e. in the DS case, where the mean
Cd value is 0.826. On the contrary, for the DS case, the rms of CL is the largest among
the analysed cases indicating that vortices induce a larger transversal force oscillation in the
cone.
Fig. 17 presents the lift coefficient time series and the corresponding PSD of the lift
force for the three cases. The lift force oscillation indicates the alternating lateral forces
on the cone due to the vortex shedding. The largest CL amplitude is achieved for the
deepest submergence which is also indicated by its higher root-mean-square lift coefficient
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value (see Fig. 17 and Table III). In contrast, the SP case presents a CL time series with a
lower amplitude but much higher oscillation frequency than the other cases. Energy peaks
from the spectra of lift force indicate that both SS and DS cases present a similar shedding
frequency (see Fig. 17(b)), and these coincide with the peak frequency values from the
velocity spectra according to Fig. 16(b) and (c). Additionally, the energy peak for the DS
case is larger than for the SS case indicating the energy of the shed vortices is higher for the
former case, which in keeping with the higher lateral force amplitude as indicated by the
higher rms CL value.
FIG. 17: Comparison of (a) time history of lift coefficient (CL) for the first 50s since the
start of the velocities time-averaging, and (b) Power Spectral Density of lift force (L) for
the three cases.
Both velocity spectra and lateral force times series suggest that the lower proportion
of the flow which is blocked by the cone results in a reduced vortex shedding frequency,
a lower drag coefficient, and more lateral force oscillation (Figs 16 and 17). These results
are consistent with studies conducted with infinite and finite cylinders (Fro¨hlich and Rodi1;
Benitz et al.12). Additionally, despite the geometrical differences between cylinders and
conical structures, the results presented here demonstrate that the wake and hydrodynamic
forces are characterised by a single energy peak which is in line with studies conducted with
cylinders (Kiani and Javadi10).
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V. CONCLUSIONS
Large-eddy simulations (LES) and experiments have been used to investigate the wake
generated by a conical island for three levels of submergence: surface-piercing (H/h = 0.96),
shallow submergence (H/h = 1.24) and deeply submerged (H/h = 1.92) conditions. Flow
around conical structures is remarkably three-dimensional with a wide range of turbulent
scales dominating the flow, something that is difficult to characterise and identify from
observational and experimental measurements. Thus, the high-resolution LESs allowed for
the identification of key instantaneous flow structures, reproducing well the time-averaged
flow properties observed in the experiments. Due to instrument limitations, it was not
possible to measure the near-surface velocity field. This served as further motivation for
performing the numerical simulations.
The time-averaged velocity contours indicated that the incident flow approaching the cone
is deflected laterally and upwards along the cone’s upstream face, reaching the recirculation
area on the downstream side of the body. In the submerged cases (when there is flow
overtopping the cone’s apex) the recirculation region is shortened both in its horizontal and
vertical extent, whereas the enclosed bubble expands over the whole water depth and further
downstream when the cone pierces the water surface. The flow features downstream of the
conical body exhibit a pair of counter-rotating vortices due to the free-stream flow entraining
into the separating bubble and interacting with the reversal velocities in the low-momentum
region behind the body. These vortices are not clearly observed at two to three diameters
downstream of the cone where the wake recovery commences.
The instantaneous flow field revealed laminar shear layers forming from the sides of
the cone, which separate from the cone’s surface shortly downstream. This is especially
noticeable along the upper half of the cone. In the near-wake region, the laminar-to-turbulent
transition of the shear layers induced the generation of roll-up shear layer vortices. These
interacted with the free-stream flow and the enclosed bubble, and lose their coherence before
the onset of von-Karman vortex shedding in the far-wake. Such transition of the dominating
flow structures was significantly affected under surface-piercing conditions when the cone’s
apex was not submerged as the flow near the top of the cone was highly deflected to the
sides due to the absence of flow overtopping .
The wake was affected by the transition from emergent (surface-piercing) to shallow sub-
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merged flow conditions. As the submergence level increased, changes in the velocity field,
instantaneous flow structures and vortex shedding pattern were more subtle. In line with
these results, the Strouhal number and drag coefficient were markedly higher for the emer-
gent condition compared to the submerged conditions, which is also common in cylinder flow.
Spectra from wake velocities and cone forces coincide with frequency values corresponding
to the highest energy peaks, which indicate that the shear layer vortices and von-Karman
vortices are shed at the same frequency.
Overall, despite the geometrical differences between the studied conical island with ellip-
soidal shapes and cylinders, such as the inclined walls and pointed free-end, most of the flow
phenomena developed around these bluff bodies are consistent for all cases. To date, there
is a scarcity of studies that have examined the impact of submergence on the flow structures
in the wake of three-dimensional bodies and this study demonstrates that the key features
reported for flow around a conical island are common to more natural obstacles found in
oceanic and geophysical flows.
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